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1. OBJECTIVE

The objective is to conduct an irradiation study of drift-field solar cells
(supplied by NASA) with low-energy protons. The experimental date are to
consist of I-V curves and spectral response curves. The data are to be analyzed

with the aid of a solar-cell model.

2. WORK SUMMARY

The irradiation was performed and reported in the previous monthly report

(Ref. 1). The solar cells were mounted on Disks 13, 15, 16, 14,10, and 17

and irradiated at 2.53 Mev, 1.04 Mev, 1.0k, 470 kev, 221 kev, and 221 kev,
respectively. A typical I-V curve or spectral response curve is coded by

three numbers, the first giving the disk number, the second, the irradiation
run number, and the third, the cell position number. For an example, the code
mmber, 13-4-5, refers to Disk 13, Run 4, and Cell-Position 5. Run O is a pre-
irradiation run, Runs 1-6 are runs in which the cells were all irradiated to a

particular proton fluence, and Runs 7 and 8 are runs to check on annealing.

Table 1 of the previous monthly report correlates cell-position numbers for

each disk with the cell designation supplied by the manufacturer. Table 2

of that report gives the proton fluences corresponding to the code numbers.

The values of these fluences are presently being re-examined as a result of
comparing the damage obtained for uniform cells irradiated in the experiment

of September 27-30, 1965 with the damage obtained for uniform cells in earlier
experiments (Ref. 2-h). The experimental work this month was the measurement of
the I-V curves of all irradiated cells to check on annealing effects (Run 8),
the measurement of the spectral responses of three unirradiated control cells
used to check stability of the 0.C.L.I. sun simulator, the measurement of the
spectral response of the cells on Disk 1k, to check on annealing effects (Run 8),
and the measurement of the effect of cleaning the filters in the filter-wheel

spectrometer.
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The computer program used to calculate the spectral response of a solar cell
was modified to include two auxiliary computer programs. These programs cal-
culate the number of layers and the width of each layer in the base of the n-
layer solar cell model and the average values of the input parameters for each
layer in such a way that the variations of the parameters over each layer are
less than 10%. The first auxiliary program, called the "E" program, is used
for uniform solar cells demaged by protons of energy, E. The second auxiliary
program, called the "N" program, is used for unirradiated drift-field cells
having a range of impurity atom densities, Nl <N <= N2. A third auxiliary

- program, called the "N+E" program, is being developed to combine the "E" and

"N" auxiliary programs for use with irradiated drift-field solar cells.

3. CONFORMANCE OR NON-CONFORMANCE WITH THE WORK SCHEDULE

The analysis of the data is proceeding satisfactorily and is considered to

be on schedule.

L, ANALYSIS OF THE WORK

All the I-V curves were fitted to a modified diode equation to yield two
parameters, RS, the series resistance, and N, the coefficient of the kT term.
These results are expected to be meaningful for the uniform cells but are not
interpretable for the drift-field cells because of the negative values of RS
which frequently appear. However, because the fits are quite close, the re-
sults of the curve fitting serve to check irregularities in the data and to
Present the results in a compact form. Tables 1-12 give the results of the

curve fitting. The "cell" column gives the code numbers of the cells.

The code numbers for each cell are grouped and the grouping identified by the
manufacturer's designation for that cell. During the I-V measurements with
the 0.C.L.I. simulator the cells were cooled with an air blower and held to
a room temperature estimated to be 298°K. The fourth column gives the short-

circuit current, Isc' The fifth column gives the open-circuit voltage, Voc'
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The fifth and sixth columns give Rs and N. The seventh, eighth, and ninth
columns give the values of the maximum power and the coordinates of the maxi-

mum power.

For Disk 13 the drift-field cells are E-33-1A, E-33-2C, H-105, 72, and 82 while
the uniform cells are located in cell positions T, 8, and 9. The high value of
N belonging to code nmumber 13-6-9 is not a fault of the analysis but is thought
to be caused by an electrical switching error during the measurements. Note that
R3 is positive for the three uniform cells except for the one coded 13-6-9.

For Disk 15, the drift-field cells are E-34-2D, E-35-L4A, H-98, H-106, 76, and

85 while the uniform cells are located in the positions T, 8, and 9. Note that

RS is positive for the three uniform cells.

For Disk 16, the drift-field cells are TI-3-2 (25u) and TI-4-2 (12.) while the
uniform cells are located in the positions 4 and 5. Note that Rs is positive
for the two uniform cells. I

For Disk 14, the drift-field cells are H-61, 56, TI-3-3(25), TI-4-1(12), and
E-54-8a while the uniform cells are located in the positions 3 and 4. Note
that RS is positive for the cell, H-10 () cm, in position 3 but is negative for

the cell, H-1 Q cm, in position L.
For Disk 10, the drift-field cells are E-33-3A, E-33-2A, H-68, H-75, 62 and 6k

while the uniform cells are at positions T and 9. Note that RS is partly posi-

tive and partly negative for the uniform cells in positions 7 and 9.
For Disk 17, the drift-field cells are TI-3-1(254), TI-4-3(124) and E-55-1c
while the uniform cells are at positions 5 and 6. For the most part, the values

of Rs for the uniform cells are positive.

No explanation is offered at present for the negative values of Rs which oc-

casionally are shown for the uniform cells.
-3-
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The drift-field solar cell, No. 82 (Texas Instruments, Inc.), was chosen as

a test case in comparing a measured spectral response with a spectral response
calculated from the n-layer solar cell model (Ref. 5). This particular choice
was made because information concerning this cell is given in Table VII of the

Technical Summary Report (Ref. 6) published by the Texas Instruments, Inc.

The parameter on which several other parameters depend in calculating the
spectral response of a drift-field cell from the solar cell model is the im-
purity (acceptor) atom density, N, which is a function of the distance, x,
below the Jjunction. Figure 1l depicts the different layers in the construction
of a drift-field solar cell. Initially, the epitaxial and substrate layers
have the uniform impurity atom densities, Nl and N2. Diffusion causes a new
distribution of impurity atom densities to be produced when the two layers

are raised to an elevated temperature for a time, t. After this process is
completed an N/P junction is produced in the epitaxial layer at a distance,
do, below its surface. The new distribution of impurity atom densities is

assumed to have the form

N(x) =a+b erf(}-c-ég eee (1)
where
Nl + N2
a = 5 , ve. (2)
N. - N
2 1
b=—5—, ee. (3)
c=w-4d_, cee (W)
and
a= bt

B e (9)

In the last formula the diffusion coefficient, DB’ is evaluated for boron in

silicon for the elevated temperature at which the diffusion process takes place.

Numerical values which are pertinent to drift-field cell, No.82, are
T
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N, = lO15 atoms/cm3, corresponding to a resistivity
of 13 ohm cm, from Irvin's data (Ref. T)

N, = 1.6 x 10°7 atoms/cm3, corresponding to a resis-
tivity of 0.2 ohm cm, from Irvin's data (Ref. T)

d_ = 0.3u,
w =25.9,

- 2
D =2x 107" em’ /sec,

and

t = 1.836 x 10” sec,

and are used in the calculation of a, b, c, and d as given by Eq's. (2-5).

Finally, N(x) is calculated from Eq. (1).

The parameters which must be calculated for the solar cell model and which
pertain to the minority carriers (electrons) in silicon are the mobility,
u(N), the lifetime, T(N), the diffusion coefficient, D(N), and the diffusion
length, L(N). Also, the strength of the drift electrical field, E(N), must be
calculated. Since all these parameters are dependent on N they vary with the
distance, x, as measured from the junction of the solar cell. The mobility,
((N), was obtained as a function of N by fitting the experimental data (Fig. 6
of Ref. 6) to an equation of the form

2 -
W(N) = p  + Hy log N + uy(log N)© + Mg (Log n)3 .ol (6)

The lifetime, T(N), was calculated by generalizing Eg. (3-5) of Ref. 6 into

the form,
-m
N
T=7,] —= oo ()
L J.O:LS
-5 -
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where the two new parameters, T, and m, must be determined from the spectral

1
response data. The diffusion coefficient, D(N), is calculated from the mobility,

u(N), according to
p = HEI ee. (8)
The diffusion length, L(N), is given by

L= Dr . eee (9)
Finally, the drift electrical field, E(N), is calculated from

E=-—e—‘d—.x-lOgN. cee (]_O)
Table 13 shows some of the output information given by the "N" computer program
for the drift-field solar cell, No. 82, with values of the two parameters con-

trolling the lifetime selected to be T, = 0.3 usec and m = O0.4%. The units in

1
which the quantities are tabulated are given in order from left to right as

cm2/volt-sec for u, ev/em for eE, cm for L, cm for x (D), cm for Ax(DD), atoms
of boron/cm3 for N(FN), and cm2/sec for D. The symbols appearing in Table 13

are part of the FORTRAN langusge required in the computer progran.

Figure 2 shows graphs of the results of the calculations for the drift-field
solar cell, No. 82, and of the measurements obtained with the filter wheel
spectrometer. The ordinate gives the relative yield of the short-circuit cur-
rent per photon while the ordinate gives the wavelength in microns. The data
are all normalized tounityat A = 0.803u. Twelve different combinations of Ty
and m were tried before choosing the best three combinations shown in Fig. 2:
m=0.2 with 7, = 0.1, 0.3, 1, and 3 usec; m = O.4 with T, = 0.1, 0.3, 1 and

1
3 usec; m = 0.6 with 7, = 0.1, 0.3, 1, and 3 psec. The best fit seems to be

1
m = 0.4 and T, = 0.3 psec.

-6 -
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5. RELIABILITY PROCEDURES

A search is being made to find the reason for the lack of agreement between

the present experimental data and three previous sets of data regarding proton
fluences required to reduce relative short circuit currents to different pre-
scribes values for l-ohm-cm and 10-ohm-cm uniform solar cells at the same proton
energies. The first set of data (Ref. 2) was obtained during October 1962 for
1- and 3- Mev protons. The second set of data (Ref. 3) was obtained during
December 1963 for 0.1-, 0.2-, 0.3- and 0.5-Mev protons. The third set of data
(Ref. 4) was obtained during November 1964 for 0.5-, 1.0-, and 2.7- Mev protons.
The fourth or present set of data (Ref. 1) was obtained during September 1965
for 0.221-, 0.4T0-, 1.0k-, and 2.53- Mev protons. The indications are that

the present set of data give proton fluences about twice as large as they should

be except for the 2.53- Mev data which are in good agreement with the other data.
6. ADEQUACY OF FUNDS

The funds provided by the contract are adequate to last at the present rate of

expenditure, until December 15, the termination date of the contract.
T. CHANGE IN PERSONNEL

Participating personnel have been

J. De Pangher Staff Scientist

D. L. Crowther Research Scientist

W. H. Harless Senior Scientist

E. A. Lodi Senior Scientist

G. D. Jones Research Laboratory Analyst
G. N. Biren Research Laboratory Analyst

8. FUTURE WORK

The "N + E" computer-program arrangement for dividing the base region into

layers is to be completed to enable comparisons to be made between theory (Ref.8)

-7 -
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and experiment for drift-field cells damaged by low-energy protons. An ex-
planation is being sought for the discrepancies observed in the measured values

of the proton fluences.

-8 -
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LIST OF FIGURES

Figure 1 Diagram showing the different layers in the construction
of a drift-field solar cell.

Figure 2 Graphs of the measured and calculated spectral responses
of the drift-field solar cell, No. 82.
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